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ABSTRACT 

The objective of this study was to determine by experimental means 
the rotor efficiencies at different radii between hub and tip of a single 
stage axial compressor at its design point, to show the influence of tip 
clearance and end losses. 

Procediore for calibration and application of pressure probes to survey 
the flow in the compressor were established, and programs were written 
to analyze the measured data. 

Recommendations are made for improvements of the data reduction 
methods , which should precede experiments involving controlled changes 
in the blade tip clearances. 
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I . INTRODUCTION 



The performance of axial flow compressors is greatly affected by the 
blade end and tip clearance losses. No accurate methods exist to predict 
these losses for arbitrary conditions. The main objective of this study 
was to determine by experimental means the rotor blade efficiencies of a 
single stage compressor at its design point at different radii between hub 
and tip. This efficiency distribution will indicate by how much the so- 
called profile losses are increased by blade end effects. 

At a futvire date the tests will be repeated with different tip 
clearances to obtain a better understanding of the physical aspects of 
the rotor flows near the blade tips. This study has been undertaken to 
establish the necessary measuring procedure and to set up a data reduction 
method that can be used for these tip clearance tests. 

The present tests were carried out with a single stage that had 
solid body rotation bladings designed for forced -vortex flow. It was 
installed in a research compressor of the Turbo- Propuls ion Laboratory of 
the Department of Aeronautics at the Naval Postgraduate School. The com- 
pressor has a nominal tip diameter of 36 inches and a hub-to-tip ratio of 
0.6. It is driven by a I50 horsepower electric motor at a speed of about 
2300 revolutions per minute, giving a tip speed of 360 feet per second. 

The compressor is throttled ahead of the inlet and discharges into the 
atmosphere through a conical diffusor. The throttling device is installed 
between the inlet bellmouth and the compressor inlet. It consists of a 
chamber in which a number of different wire mesh screens or perforated 
plates can be installed to create the desired pressure rise in the com- 
pressor. To operate the compressor along its characteristics, it is 
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necessary to change the arrangement of wire mesh and perforated plates. 
Such changes will be carried out to establish the design point of the 
stage, which is considered to be the operating point where the highest 
efficiency is reached. 

The local rotor efficiencies between hub and tip can be determined 
by taking flow surveys ahead of and after the- rotor at a number of radii. 
Because of the three-dimensional nature of flows in turbomachines, it is 
necessary to determine the velocities and flow angles in axial, peripheral 
and radial directions at each point of a survey. Such measurements are 
made using 5-hole pressure probes. Type DA. 120, of the United Sensor 
Corporation. However, these probes must be calibrated in a flow with 
known velocities and direction at rou^ly the same Mach numbers as exist 
in the actual compressor. 
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II. EXPERIMENTAL CALIBRATION OF SURVEY PROBES 



A. INTRODUCTION 

The testing apparatus used to calibrate the 5-hole United Sensor 
type DA 120 survey probes is shewn in Fig. 1. A Kiel probe was arranged 
as shown to serve as a reference measurement. Fig. 2 shows a typical 
Kiel probe. Particular pitch angles could be set by use of the apparatus 
shown in Fig. 6. Pitch and yaw angles were defined according to Fig. 5. 
Vertical surveys were restricted to zero pitch angle. 

The mass flow rate from the Allis -Chalmers compressor to the test 
section was controlled by a gate valve . 



B. FLOW FIELD DETERMINATION 

The most accurate probe available is the so-called Prandtl pitot- 
static probe of Fig. 3 which measures true static and total pressure. 

It served as the reference for calibration of the 5-hole probes. Velocity 
profiles were obtained in the horizontal and vertical direction of the 
calibrating duct with this probe. 

For an isentropic process ahead of the probe, the velocity V is, 
from the following figure. 






For a constant value of the specific heat ratio y , 
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Thermodynamic Process in 
Prandtl Probe 




Introducing the speed of sound a^ , at the total temperature , the 
following non-dimensional velocity was obtained: 



1 




If AP = P . - p is small compared with the absolute total pressure 

o S 

P^ , Equation (l) can be expressed by the approximation: 




Surveys were performed in the horizontal and vertical directions in 
the calibrating pipe at various mass flow rates to cover the range of 
velocities that were experienced in the compressor. The readings of the 
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Kiel probe, and , and of the wall static tap in its vicinity, 

j were used as reference values for different mass flow rates and 
inlet conditions. Figs. 9 to 11 indicate a region of uniform velocity 
in the center region of the pipe. A position 4.5 inches from the right- 
hand wall along the horizontal centerline was chosen as the location for 
subsequent 5-hole probe surveys. 



C. CALIBRATION FACTORS OF 5 -HOLE PROBES TYPE DA 120 #535 AND #538 

Thermodynamic Process in 
Kiel Probe 




As seen in the above figure. 






tk 



T ) 
w^ 



Similar to Equation (l), with a^^^ being the speed of sound for 
the total temperature obtained from the thermocouple of the Kiel probe. 




l4 



The mass flow rate at the location of the Kiel probe is obtained from 



V, 



k 



(h) 



where is a blockage factor, a correction factor for the 

velocity profile if p is not the true static pressure and v, is the 

w . k 

specific volvime. With P,, v. , = p v, , 

tk tk ^ ’ 



"^w k 



^k = 



^G^tk 



tk (p /P.,) 
'"^w' tk"^ 



Vy 



(5) 



Equations (3) and (5) give: 



” s/yg ^tk' 

>^K Ptk " ^v-1 



Y+l 1 




( 6 ) 



Since p^ = P^^^ - A , and A was small compared to P^^^ , Equation (6) 
was approximated by, 




A similar expression was established for the mass flow rate at the 
location of the Prandtl probe by assuming that the total temperature was 
constant in the pipe, or 



“ '^tk ' L I. _ M 

^P 5p ^t ' ^ \ 



( 8 ) 



Since m and A are equal in Equations (6) and (8) there is 
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( 9 ) 



Y = 





Therefore, with the measured quantities P. and p of the Prandtl 

*c s 

probe, the total pressure of the Kiel probe and the wall pressure 

p near the Kiel probe, it is possible to establish the coefficient 
w 

Y , provided that the above mentioned data are taken at the same flow 
rate m . The value of Y will depend primarily on the Mach number of 
the flow because Reynolds nvtmber effects are small in turbialent flows . 
For isentropic processes 




where P. , p are the total and static pressures, respectively, and 

U S 

M is the actual l^ch number at the pressure p . Hence, for the same 

s 

specific heat ratio Y > the l^ch number M is only a function of the 

pressure ratio Pj./p and is independent of the temperature of the fluid. 
X s 

Therefore, it is possible also to consider the ratio 






( 10 ) 



as a measure for the actual Mach number M . 

Measurements with the Prandtl and Kiel probes at different flow 
rates, resulting in different values of Mj^ , gave the relationship 
between- Y and M^^ that is presented in Fig. 10. 

Rearranging Eqiiation (9) gives the velocity head as 






(U.) 
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Replacing the Prandtl probe with the 5-hole probe and defining 



K = ~ 

Q P. - Po 



( 12 ) 



it follows. 



K, 



Q 



= Y — ~ 

Pi - P2 



(13) 



where is the total pressure and is the approximate static 

pressure measured by the 5-hole probe. The location of the press\ire ports 
for the 5-hole probes is seen in Figs. 4 and 5* 

Similar to Equation (lO), 



P -P 

M 

r 



(14) 



The relationship between K. and M is shown in Figs. 11, 12 and 

Q r a j 

15 for the two probes calibrated. These graphs make it possible to 
determine the true velocity head of the 5-hole probe for a measured 
Different pitch angles were set with the device of Fig. 6. The 
pressure difference between P^ and P^ is a measure of the pitch 
angle 9 . With 



K. = 



^4-^5 



9 - P1-P2 ’ 



(15) 



the relationship between this pressure difference and pitch angle is 
shown in Figs. l4 and 17. The relationship between and 9 is 

shown in Figs. 13 and 16. By rotating the 5-hole probes about their 
axes , P^ and P^ were balanced and the yaw angle was read directly 
from a protractor mounted on the supported frame of the probe . 
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III. OKR THREE STAGE AXIAL FLOW COMFRESSOR 



Figs . l 8 and 19 show the compressor installation at the Turbo- 
Propulsion Laboratory. This test rig will be described in detail in a 
report of the Department of Aeronautics, which is being prepared. 

The compressor was designed for a variety of research experiments. 
Six rectangular ports are arranged in the upper casing to accommodate 
the survey probe carriage shown in Fig. 20. The location of these ports 
makes it possible to survey circumferentially in a 15° arc at positions 
ahead of and after the rotors and stators . 

The rotor and stator blades are removable and during this study only 
the first rotor and third stator were installed. The relative position 
of the rotor and stator for this "expanded" single stage configuration 
is seen in Fig. 21. ^ 

The stator and rotor blade profiles of the solid body rotation stage 
are shown in Fig. 22. The blade chords varied from 2.00 to 3*^0 inches. 
Hie solidity of the rotor varied from 1.150 to O.903 from hub to tip and 

that of the stator from 1.039 to O. 85 O. 

Inlet guide vanes (IGV) are located ahead of the rotor and two 
rows of exit guide vanes (EGV) are located after the compressor stage. 

There are thirty rotor blades per row and thirty- two IGV's, stator 
blades, and EGV’s per row. 

A more detailed description of the blading is given in Ref. 2. 

As shown in Fig. 23, Kiel probes were located in the survey holes 
along the length of the compressor, which measure the total pressure at 
fixed radial positions. 

The inlet bellmouth was surrounded by a screen enclosure to reduce 
disturbances by wind gusts. 
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IV. INSTRUMENTATION 



Wet and dry biilb mercury glass thermometers were located on the 

inlet screen to determine the relative humidity of the air entering the 

bellmouth. A program for determining the gas constant R_ for different 

u 

humidities is given in Appendix B. 

The pressure drop across the inlet nozzle was measured with a Meriam 
Micromanometer, seen in Fig. 24, which had a reading accuracy of 0.001 
inch of water. 

Kiel probes were located in the survey holes and static pressure 
taps were located in the same meridional plane. These pressures were 
measured on the large water manometer board of Fig. 25. 

A United Sensor 5-hole probe was located in the survey carriage, 
seen in Fig. 20, and the various pressirres were read from the U-tube 
manometer board of Fig. 25. 

Forward and aft bearing temperatures were read by a Brown Electronik 
temperature indicator, as seen in Fig. 26. 

A BLH SR-4 Torque Pickup type A, with a maximum torque of 5OOO in.-lbf. 
and a maximum speed of ^000 RPM, was attached directly to the con^jressor 
shaft as shown in Fig. 27. The torque was measured by a Doric Integrating 
Microvoltmeter, Model DS-lOO, after the signal had passed throng a 
d.c. amplifier, and a Krohn-Hite Model 3750 Filter, which are shown in 
Fig. 26. The calibration of the torque pickup is described in Appendix 
A. 

The rotational speed was measured by a flux cutter located at the 
shaft end. The readout was displayed on the Dynasciences Electronic 
Counter of Fig. 28. 
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The barometric pressure was recorded with a Princo Fortin Ifercury 
instrvunent. Gravity corrections were made according to the instruction 
booklet and temperature corrections were made according to Ref. 3 « 
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V. DESIGN CONDITIONS 



A. DERIVATION OF JEEFORMANCE PARAMETERS 



To determine the design point for the ONR Compressor it was necessary 
to establish parameters that give a measure of its performance. The 
performance was based on the conditions that existed at the mean radius 
of the compressor, l4.4 inches from the centerline. As stated in Ref. 2 , 
the solid body blading has fifty percent reaction at the mean radius . 
Figs. 29 and 30 show velocity diagrams for such bladings . 

The efficiency was defined as the ratio of the theoretical power 
and the actual drive power P^ , or 

T1 = ^ (16) 



The thermodynamic process through the compressor stage is represented 
in the figure below. 



H 




“Trr^p'^td — DISCHARGE 



AH 



INLET 
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t 





Hie inXet conditions are those ahead of the rotor and discharge conditions 
are those after the stator (see Fig. 30). 

The theoretical power is 



P., = m 

T/il IS 



(17) 



From the H-S diagram, assuming y Is constant, 



P. , = m C (T. - T^. )J 
th p ' td ti' 



(18) 



where 1® discharge total temperature for an isentropic com- 
pression, and is the total inlet temperature. For isentropic 

conditions and AP^ = P^^ - P^^ small compared with the absolute total 



inlet pressure P^^ , there is 



T ' - T = T 
td ^i ^tii V / P^i 



( 19 ) 



where 



5 = ^ - 2Y 



Rp 

With C = -^ 
P J 



-X_ 
Y-1 ’ 



Equation I 8 becomes 



^t 

^th = “ "ti ^ 
ti 



( 20 ) 



The mass flow rate was determined from the pressure drop in the inlet 
bel l mouth APjj = P^g^ - Pjj 5 where P^^ is the atmospheric pressure and 
Pj^ is the wall static pressure at the minimum diameter of the bell mouth. 
With Bernoulli's equation. Ref. 1, page 203, 



Y, 



N 



2 _ ^ta 

th ^ta 



(APj^) 



( 21 ) 



The mass flow rate is 
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( 22 ) 



“n P ^ \th ^ 



where is a blockage factor which is taken as imity for this derivation. 

With Equations (21) and (22), Equation (20) is 



/ T AP 

^th “ ? pT ^ti ^ 

’ tA ti 



(23) 



The actual drive power is given by 






(24) 



where M is the torque and 
The flow coefficient cp 



N the rotational speed in RPM. 
is defined according to Ref. 1; 



<P = ^ (25) 

where V is the average axial velocity and U the peripheral speed at 
a 

the mean radius . 

The work coefficient is defined as 



T 



U^/g 



( 26 ) 



For a constant mean radius there is from Euler's turbine equation 
(Ref. 1, page 259). 




(27) 



where is the change of the peripheral co 25 )onents of the absolute 

velocity in the rotor. 

The so-called head coefficient is defined as 

(28) 



Y = 



IS 






g 
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From Equation (25), (26) and (2?) 



Y = tTI 



B . EXFERIMENTA.L PROCEDURE 

As described in Sections III and IV, Kiel probes were used in deter- 
mining the total pressures. The static pressures were taken as the wall 



Therefore the performance of the stage could be based on either total 
or static pressure variation. The static pressure approach was used. 

f 

C. DATA REDUCTION PROGRAM 

Appendix C shows a card program for the Monroe Calculator Model I 656 , 
which determines the performance parameters from measured input data. 
Numerical results were obtained for twenty-one throttling configurations , 
with three different readings taken for each one. These data are listed 
in Table C-I. ' . 

D. RESULTS 

The efficiency, and the work and head coefficients, are shown in 
Figs. 31 , 32 and 33 as functions of the flow coefficient cp . The 
linear interdependence of t with cp in Fig. 31 is characteristic for 
most axial compressors, as seen in Ref. 1, page 352. Near the surge 
point of the compressor the slope of the curve changes. Two configurations, 
wire mesh #U .and perforated plate A and wire inesh #5 and plate A, pro- 
duced conditions close to s\irge. The efficiency and head coefficients 
also showed substantial changes for these configurations. 




pressvires 



From Fig. 30, there is at the mean radius. Hence 

P 3 ” % where P.^.^ and P.^.^ are the total pressures 
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A least-squares subroutine, ISQEL2, from the IBM 36 O System Library 
was used to determine the best slope through the data of Fig. 31 • 

The maximum efficiency was about 92.5 percent. The throttling 
configuration which produced this highest efficiency was that of wire 
mesh #3 and perforated plate A. Figs. 31 and 33 show that this con- 
figuration operated sufficiently far from the surge point. Hence the 
flow surveys were carried out for this throttling arrangement. 
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VI . ROTOR SURVEYS 



A . ■ SURVEY METHOD 

The United Sensor 5-hole probe Type DA. 120 #535 was used in the 
survey carriage of Fig. 20. Surveys could be made over an arc of 15° 
in circumferential direction and from hub to tip in radial direction. 

B. DATA REDUCTION METHOD 

1. Corrections for Ambient Pressure and Speed of Rotation 

The surveys were made over an extended period of time at dif- 
ferent atmospheric conditions and rotor speeds. Changes in the ambient 
temperature T^^ , and ambient pressure , and compressor speed N 

have an effect on the velocities and pressures at the survey stations. 
These changes are reflected in P,„ , the fixed reference total pressure, 
and p„ the reference static pressure, measured at the locations shown 
in Fig. 3^- The quantity q^^ = P^j^ - p^^ is a measure of the velocity 
head of the flow through the compressor, even though' P^j^ and Pj^ 
were not measured at the same station. 

From the test data, sample calculations shown in part 1 of 
Appendix D indicated that an average density change of four percent 
occurred in the machine. Thermodynamic relations were therefore used 
to calculate the velocities and densities at the survey stations. 

However, to apply corrections for changing values of P^ , T^ and 
N it is sufficiently accurate to assume incompressible conditions. 

P. ^ was taken as the total pressure ahead of the compressor 
blading at a particular radius, and as the total pressure down- 

stream of the compressor blading. For a fixed throttling configuration, 
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can be 



the pressure drop from the ambient pressure to P 

tA tl 

expressed by 



tA 



- P 



tl 



= C V ^ 
2 a 



(29) 



where V is the axial velocity through the blading. From the compressor 
a 

discharge to the diffusor exit, where the pressure P^ exists, the 
pressure change is 



tD 



- ^tA = " 



D 



2 



V 



(30) 



Cj and Cjj are constants for a particular blading and inlet nozzle at 
a fixed throttling configuration. Combining Equations ( 29 ) and (30), 



'’tD - '’tl = I 

From Euler’s turbine equation for incompressible flow 

'■tD - '’tl = f f ( 32 ) 

V 

where Y is the pressure rise or head coefficient. With cp = — 5 
and Equations (31) and (32) 



p Y = (Cjj + Cj) I cp^ 



It can be seen that a compressor with fixed geometry operates at the 
same operating point independent of P^ , and U . 

Similar to Equation ( 29 ) and assuming a perfect gas ’ ^tA ■ ^1 
can be expressed by 



= C. 



tA 



tA tR R 2 Rg g 



2 2 
cp U 



where and cp are constants . With U 

K 



= (f ) " ■ 
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^tA ~ ^tR 
^tA 



N 






(33) 



where is a constant that is not dimensionless. Since the wall 

reference pressure p is lower than P.„ , 

K oR 



3 _-n = f£.V‘ 

tR % ^ 2 a 



since the loss in total pressure from the Kiel probe to the wall tap 
and the velocity head are multiples of ^ V 

^ 3. 

With the equation for cp , 



p _ p = S 

tR Pr 2 R(j 6 









or, because cp and § are constants. 



^tR ~ ^R 
^tA 



N 






(34) 



A similar approach can be carried out for the total pressure P^^ , 
and the static pressure p^ , measured by the flow probe at station 1. 
Hence similar to Equations (33) and (S4) 



tA tl 
^tA 



N 






(35) 



^tl - Pi 

PtA 



= k 



N 



1 V7« 



(36) 



If P and p. are measured at the same speed N , temperature 
"GR X 

, and pressure P^^ , there is from Equations ( 33 ) and (35) 



■tA 



y ' ^ = K = constant 

- ^tR *=R 



(37) 
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The purpose of this approach was to correct the measured pressure 

^tl ^ constant average ambient pressure (i\) • With this average 

^ 0 

pressure corresponding to an average total reference pressure (P ) , 

tR Q 

an average speed and an average ten^jerature (T^) , the so-called 

corrected pressure (P ) that exists at (P ) , N , (T. ) is obtained. 

c 0 ^ ^ 0 

From Equation (37) 



" (^tl^ P - P 

^ 0 ^^c ^ ^tA ^tl 

~ ^^tR^Q ^tA “ ^tR 



and rearranging, 






- ^tl) 



<^A> ■ <^tR> 1 

* 0 ™ 0 



P - P 
tA tR 



(38) 



In a similar manner, using Equations (3^) and ( 36 ) and introducing 



the average static pressure (p ) , there is 

^ 0 



(P^l) - (P]^) (P^2. ■ ^1^ 






^tR " % 



(39) 



Since (P^j_) is obtained from Equation ( 38 ) the corrected static pressure 
c 

at station 1 is knovm. 

Equations ( 38 ) and (39) can alsobe used to establish the corrected 
total and static pressures at station 2 after the rotor, by replacing 
index 1 by index 2. 

2 . Performance of the Rotor 

With these corrected pressures it is possible to determine the 
performance of the rotor. 

To obtain the velocity at station 1, the total temperature 

T,t was teiken as the average ambient temperature (T. ) . Then by Fig. 38 , 

tl A Q 

with Cp = R(^ g 
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or 






V-1 

V 



1 - 



tli 



Y-1 



V, 



V * = 



^0 ^^0 



/l 


1 - fi) ' ‘ 


/v -1 


\^l) 



TO 



(40) 



where is a dimensionless quantity. and are the corrected 

pressures, and (R^) is the average gas constant obtained from the 

0 

average total temperatiore . The density is obtained from 



^ g R^ T, 



and 



G 1 



" g (r ) (T r 



Then with 



’^ti = ’ 



Pi 



* = 






*Y p (Rp) 

Pi \ ^tl ^0 



tiy 






(1(1) 



The total temperatxire T^2 after the rotor is determined from the 
average torque , the average speed Nq and the average flow rate 
w . Since T^g - T^^^ = T^g - (T^) was small, as found in the sample 
calculations of Appendix D, it is sufficiently accurate to determine the 
flow rate w by 



("a> 



• r> 2 0 

^ ~ IT ^ /(R„) 



(V 






(42) 



0 
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where is the average pressure drop in the inlet bellmouth at its 

smallest diameter D„ . 

N 

Then with in ft-lbf and in RPM, the actual driving 

power is 



Til, 



^drive = ^ lo = * =P - (’k)J 



= * ("a) 



0 



t2 

w 



- 1 



0 



or 



’’t2 , “O 



(■'a) 



0 ' °'o V- ■■ 0 



Then, similar to Equation (4o), 



V * = 
^2 



V-1 



2Y 


- 1 


\2 


Y-1 


vW J 


(T.) 

^ 0 



Tip; 



and by Equation (4l) 









0 



(Rq) 



0 



R. 



(43) 



(44) 



(45) 



Fig- 37 shows the measured pitch angle and the measured yaw 

angle a' . The peripheral velocity V * , axial velocity V * and 

U 8» 

radial velocity V^* are. 



V * = V* cos cos Of’ 
a 

V * = V* sin \* 
r 



V * = V* cos sin Of' 
u 
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and the relative velocity w* is 



W* = [(u* - V *)^ + V + V 

u a r ■’ 



where 



U* = 



U 






The actual flow angles are 



V * 

u . , , , 

san a = -ttv- = sin a cos X 
V* 



sin p = 



U*-V * 
u 

w* 

V * 



sin X = 



sin X' 



V* cos a cos ot 



Velocities denoted with an asterisk are corrected to average ambient 
conditions and average rotor speed. 

Because the flow properties vary in the peripheral direction, as 
illustrated in Fig. 39 > it is necessary to obtain average values by 
integration. From the moment of momentum equation 



M = r 

a J 



( 2 ) 






( 1 ) 






where M is the axial moment. With R, = R_ = R 
a 12 



M 


OJ 

OJ 


r V , 

J(l) 1 ul 


— - Am 


^2) ^ 


/ '^1 
\i) ^ J 



( 46 ) 



( 47 ) 



The mass flow at a particular radius R for a differential dR , is 

dm = D V RdedR 
^ a 
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or 



<3-® T, 

dE = P \ ^ 



(48) 



Equations (47) and (48) give. 



M 

a 

R 



= zah 



J(2, ‘’2’’«V ■ 



1 p,RdeV T 

\l) 7 



With the corrected, dimensionless velocities, 



M 

-4^ R - 


1(2) 




*“rr* n — 
OT 


1(2) 




or 


II 


V 0* 


- V * 


m 


u2 


\3l 






/ 



g(Ro) (T.) ' 
^0 ^0 



(49) 



where V^* are the mass averaged peripheral velocities. 
The power necessary to drive the blading is 



% 

^d = \ lo- = 



V o* - V * 
u2 ul 



/ -I ^0 

(\)q ■ ~w 



From Fig . 36 , 



P = ZA Cp ZT^ = Am (R^)^ ^ ^ 



With 



U* = 



U 



Rt^J, 



0 



Equation (50) becomes 
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^ v-l 
Tt^ V 
^ 0 



u* 



V - V * 
u2 ul 



(50) 



(51) 
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The mass averaged total pressures at particular radii, v?ith the 
corrected dimensionless velocities, are 

I, . pi* \i* 

(52) 



p _ (1) 



tl 



and 



r p * V * d6 
‘'( 1 ) ^ ^ 



^a2^ ^2 



P = r ^ 

^(2) P2*Va2*‘^6 



(53) 



With the values of "thus determined. Fig. 36 gives 



ml T ^ 

t2 t2 



‘■tl 






V^l 
^tl 



or 



^ta' = \ % 



Rearranged, 



\ Y- 



V-1 

'\a* - ^ui*' 



i U* fv - V ^ 
[ u2 ul j 



(54) 



This relation was used to calculate the rotor efficiency at particular 
radii . 

C . COMPUTER PROGRAM 

A computer program was set up in Fortran IV to determine the 
rotor efficiency with the IBM 360 Computer. 

Appendix D lists the program, with computer printouts for various 
radial positions. 

D. RESULTS 

The main result of this study is shown in Fig. 38 > which is a 
plot of the calculated rotor efficiency as a function of the radial 
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position. At the mean radius the efficiency is about 9 U percent. Fig. 

38 shows an increase of efficiency toward hub and tip. From these peaks, 
the efficiency drops radically toward the outer and inner walls of the 
channel . 

The wakes of the inlet guide vanes were quite prominent ahead of the 
rotor. As seen in Fig. 39> they were not detected behind the rotor, 
since the pressure probe gives a time average of the periodic flow. 

The pitch angle of the flow, and thus the radial component of the 
velocity, was small near the hub, but increased steadily toward the tip. 
At a radius of about 17.5 inches, however, the radial flow reversed 
itself. 

Near the hub region of the blade, the axial velocity increased 
across the rotor, whereas it decreased near the tip region of the blade. 
This agrees with the test results of Ref. 2. 

The peripheral component of velocity, , increased with increasing 

radius up to about 17.5 inches. This was expected since the blades 
were designed for forced vortex flow. 
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VII. CONCLUSIONS AND RECOMMENDATIONS 



The radical drop of the efficiency near the hub and tip of Fig. 38 is 
caused by blade end and tip clearance effects. However, it is very 
unlikely that the actual rotor efficiency can exceed unity. It is 
necessary, therefore, to evaluate the effect of the assTomptions that are 
basic to this study. 

For the determination of the rotor efficiency it was assumed that the 
flow had cylindrical stream surfaces. The fact that the pitch angles 
increased towards the outer casing makes this assiimption inaccurate. 

The surveys were made with the 5-hole probe. Calibration tests were 
made to determine the true static pressure and the pitch angles. Through 
out this testing it was assumed that P was the true total pressure. 

At pitch angles of 20° this may not be true. The stem effects were also 
ignored. 

It is recommended that further calibration tests be performed with 
the 5 -hole probe to determine the effect of pitch angle on total pressure 
Since pitch angles exceeded 25° in the compressor, it is necessary to 
cover a wider range of pitch angles in these tests. 

To establish the magnitude of the tip clearance and end losses it 
is necessary to perform tests with increased tip clearances. 
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APPENDIX A (Torque Calibration) 



The calibration of the torque readout instrumentation, which is shown 
in Figs . 26 and 27 , was carried out by applying a static torque of known 
magnitude. This procedure consisted in hanging different weights from 
a twenty inch moment arm that was attached to the drive shaft, and 
recording the counts of the readout instrument. Table A -1 is an example 
of one of the three torque calibrations made. The data from these three 
calibrations is shown below. This curve produced a calibration constant 
‘ of* 17.3333 in. Ibf per count. 




Instrument Counts 
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TABI£ A-1 



EXAMPLE OF TORQUE METER CALIBRATION 



TOTAL WEIGHT 
LBF 


APPLIED TORQUE 
IN-LBF 


METER READING 
IN COUNTS 


UP 


DCWN 


0 


0 


0 


.2 


8.46 


169.2 


7.8 


8.5 


20.98 


419.6 


20.4 


21.0 


33.50 


670.0 


33.0 


33.5 


46.015 


920.3 


45.5 


46.1 


58.530 


1170.6 


58.0 


58.5 


66.53 


1330.6 


65.9 


66.4 


74.53 


1490.6 


73.9 


74.5 


82.53 


1650.6 


81.9 


82.4 


87.53 


1750.6 


86.8 


87.2 


92.525 


1850.5 


91.7 


92.2 


97.525 


1950.5 


96.8 


97.1 


102.525 


2050.5 


101.7 


102.0 


107.525 


2150.5 


106.6 


107.0 


115.525 


2310.5 


U 4.6 


115.0 


123.525 


2470.5 


122.5 


122.5 


125.025 


2500.5 


123.9 


123.9 
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APPENDIX B (Gas Constant Variation) 



The gas constant 



^G 



is defined as 



1^4^. 43 

M 



ft-lbf 

Ibm-^ 



(B-1) 



^ L 

where is the molecular weight of the atmosphere which is a mixture 

of air and water. 

For gas mixtures, the number of moles 



Amount of Constituents in lbs 
^ ~ ^ Constituents 

The molecular weight of a mixt\ire of air and water is 

n ( 28 . 97 ) + n ( 18 ) 

M = ^ 

w n + n, 

a n 



where n is the number of moles of dry air, with M = 28.97 and n 

£L ' n 

is the number of moles of water vapor, with M = I 8 . 



1545.43 (n^ + n^) 

^G " n^(28.97) +n^(lB) 



(B-2) 



Using the wet and dry bulb temperature measurements, 
j obtained at the compressor inlet, the relative humidity and the 
vapor content in grains per pound of dry air for 100 percent relative 
humidity is determined from a psychometric chart [Ref. 3]> With 7000 
grains per pound, 

_ (r) (# grains /lb dry air) 

”h “ 7000 

where r is the relative humidity. Equation (B-2) is solved with the 
card program of Table B-1 for Monroe Calculator Model I 656 . 
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Table B-1. Determination 
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APPENDIX C (Mean Radius Compressor Performance Program) 



The performance parameters of Section VI are calculated on a Monroe 
1656 calculator with the program of Table C-3. 

The input parameters are : 



^tA 


Atmospheric Pressure (in. Hg.) 


P -P 
tA end. 


Pressure drop across enclosure to inlet (in. H^O) 


^ti 


Total inlet temperature (°R) 




Gas constant 


^N 


Pressure drop across inlet nozzle (in. H2O) 


or APg 


Pressure rise across stage (in. H^O) 


P. -P, or P. -P _ 

A k3 A s3 


Pressure difference Just ahead of the rotor (in. H^O) 


Counts 


Torque counts 


RFM 


Compressor Speed (RPM) 



With these inputs, the parameters $ , t , 11 and Y are calculated. 

To find the design point, 21 throttling configurations were tested. The 
results are listed in Table C-1. The dimensions of the wire mesh screens and 
perforated plates are listed in Table C-2. 
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Table C-1. Flow Parameters for Various Throttling Configurations 
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Table C-1 (CONT.) 
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APIENDIX D (Data Reduction Program for Rotor Sxirveys ) 

A. SAMPLE CALCUIATIONS 
1. Density Changes 

Reference 4 shows, that for one stage operation, the press\xre 
rise is about 12 in. HgO, for a volume flow rate W of 1000 ft^/sec. 
and a drive power of 135 H.P, At P^ = l4.7 psia and = 520°R , 

the weight flow w is 



w = W p 

= 76.3 Ihm/sec 

Then the maximum possible temperature rise of the air is, with 



= 



t JCpW 



= 5-2°R 



The average axial velocity at station 1 of Fig. (3^) is 






For flow angle 0 ^ = 25 , 



V 



V, = 



1 cos 



= 243 ft/sec 



For an isentropic expansion from P^p , T^ to p^ , T^ 

- = T - T 

2gJCp ta 1 



or 



^ = 0.9906 

“■tA 
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and for y = 



Pt 

^ = 0.9673 



■tR 



The survey tests were carried out at an average P,_ of l 4 . 4 l psia. 

"cK 



Hence 



^ = A . ^ 

^a ^tA ^1 



= 0.9372 



After the rotor the average total pressure is l 4.84 psia. Since 

and assuming 0^ = 4 o° , 



= 



'a2 



2 cos 



= 288 ft/sec 



and 



T 

^ = 0.9869 

t2 



= 0.9548 
t2 



therefore 



~ = 0.9670 

^a 



B. DATA REDUCTION PROGRAM 



The data reduction method developed in Section VI is performed 
by the IBM 360 Computer. Measured pressures and temperatures are cor- 
rected for average conditions. The program is listed in Table D- 1 . 

The velocities ahead of and after the rotor, together with the rotor 
efficiency for several radial positions, are listed in Tables D -2 to D-I5. 

1 . Data Input 

Data are read in as follows, first for the condition ahead of 
and then for those after the rotor. 
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D- 3 * Fluid Conditions and Rotor Performance for Radius 
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D- 4 . Fluid Conditions and Rotor Performance for Radius 
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D-5. Fluid Conditions and Rotor Performance for Radius =12.0 
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Fltdd Conditions and Rotor Performance for Radius = 13-75 
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D- 10 , Fluid Conditions and Rotor Performance for Radius = 15.0 
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D-12. Fluid Conditions and Rotor Performance for Radius = l6.0 
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D- 13 . Fluid Conditions and Rotor Performance for Radius = 17.0 
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EFFICIENCY= 0.97904 



D-14. Fluid Conditions and Rotor Performance for Radius =17*5 
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D- 15 . Fluid Conditions and Rotor Performance for Radius = 17-75 



C/Oh- 

CUMULI 

0 : 0 : 01 : 

<LLOO 

5:00 

Oo:cLC 

OULJ<0 

2 LU 

00:000 

uOli;o 



3 << 

— >0: 

Cr^LLo: 
f O'JJ 
21 -a.u- 
OOOLU 



uuq: 


LA 


QC 


Q33UJ 


1 


o 


K-O 


• 1 




3lA<X 


r-- 


o 




•— < 


cs: 


LL Luo: 


. II i 


1 


' <CLUJ 


00 


' LU 


-J XU. 




q: 


<XujUJ 


1— I 


c 


2^-4 ►-(i: 


Q 


LL 


o 


< i 


UJ 


— LU_)0 
LOO— iw- 


cc 


QO 



o 
o 



o 

00 

00 



^ <)OinNt 
^ to— ‘r- 
oo*>tOfn • 
Z'— * 0 <MCD 
O O iTi 

t »— < 

!l m II 

M 

0 <in^^ 
CL • 
Coo I! a:LL 
UCL CD 

( '- 0 : 0 ^ 



< >0 >0 0^ N* m ro lA r<*>0 ^X) o 00 O' oc lA UO o CO CO O —I 00 

t^co rgoo C>rsl 'Co sO^O'4'CMAC'r^NjO>CvOr<^fAfO'X)r^if^co 

ccr^'C'^oocO' rO'-^<Nr^oooomf^iAh-oc^osOoQor^f'>-OfAs^-c> 
SCO ^•-^rsjOiA(N)C>f^f'^(7' Occcor*->^’OO^rnccLAtnAj>j'n‘'0 

< O' O O' — < O O lA ^ rA 00 LA -H m ^ O' O ' 00 GO CO ^ ^ ^ 

^ •••••••*••• 

csj cA f\l (\i f\i rsj (\) nO o >C f\j nC CT' ^ O (O' <\i (\i (\j rvj r\j Aj f\j (Nj (\i 

1 1 I I I I I I I I I I I I I I I I 

' I ' ' • . I 

j O'O^O'fA sOC^^^C^(\IOCO^.r^JlA( 7 '^.:^c^^A^ 1 ‘^O^CC^>tO 
1 ' 4 ' 'C'OcoLAor'^'^ir s^la<— ir-r'-fA— <AjoC'C 7 'AjAiLALA^ 
-<1 r\J c\| O 4 * <\I AJ lA lA o c^ ^ O vO CO CMA lA O' CO fA CO lA <\J rA lA 00 

< O Al rA Al (\j lA f**. iA N- 4- O — < CO O O f'- CO o O' Aj 

H-rA4'00'CA-AJr^tr\04*vOf*^mXNCLAOC'04'0'0004“>00 



CO ^ O C> CO CO N- h* 00 (D' O Al 4* 4" AJ Al ^ ^ o O (7' O' O 00 

! LAOA-f^.A-fA'Cr^f'-COh-OOlAOO fA4* A A AJf'-.N-h-LA AJ*'^ 
AKAO' AJ A nC As) o 00 A- '—•O 4*0' AjC^ 4'4''OrArArAoOlA 
<*--iOAJOO^AlAJcrO4rAs04'^C0OOAJAJA'. 4-4“00'C'0 
X's 0 ' 0 NCc 0 C 0 c 0 C 0 -^^AJC 0 A»AJrArAO 4 * sO >0 >0 >0 >0 'C 00 A- co 
Ol O' 4" vO —1 4) O O sC 4* rA r-- (O' 4“ AJ ^ ^ O 4“ O O ^ lAlA O' lA CO sO 


< h- OC o lA 4* fA AJ O O' cc N- O CO o lA (O' CO A- A- O LA LA 4* LA nO 4* 
i4*4-4‘4*'^4-4'4TA(ArA('<^rA4-4'4'4-4’4‘4-4‘4-4’4'4'4'4“ 



.-^>CAjO'^COrA 4 'vOO'AjAI(^vOfAAjr'»AjLAA-f'~'^lAC'>OCA 4 - 
4 - CA AJr*. (Nl nC lA >C vC 00 \0 >0 C O' rA sC fA 00 o N* vO ^rA O' ^ » O' 
(\|.-MlA> 0 N‘C 7 '^ 4 “A~O<'AA -'0 4 *OC' 4 'CAsDLAf'-C 0 r^> 04 “^ 4 ‘ 
•~^ 0 ' 0 'C>C' 0 '( 0 ' 000 ^»-h^^^^OO'C>C'OC'( 7 ' 0 ' 0 ' 0 'Q '0 
::2 AJ AJ A 1 (\) Aj AJ (A rA fA| fA rA (A (A fA (A (\) r\j AJ (\J AJ Al f\J AJ AJ (\) (\J r\J 

I OOOOOOOOOOOOOOOOOOOOOOOOOOO 



I I I 

lO'O'OQvO— <O 4 'N 0 ' 0 AJ,-^AJA-lAC 0 (N 4 * 00 Aj 00004 '^ 0 Cr''A-s 0 
' cocoxf'- CO (>0 ajai^ocoola Aj< 0 'coo f'-f'-r'-N*coO'r'- 00 00 O' 

— < 4 * 4 ’>^rA(ArAA*^fA(^fAA 4 "»^LALA 4 -rA^vj- 4 “ 44 “ 4 'fAfA{ArA 
CvOOOOOOO^^^OO^^'-^^^-^OOCOOOOOO 
>000000000000000000030000000 

OOOOOOOOOOOOOOOOOOOOOOOOOOO 

lit I I I I I I. I I I I I I I ( I M 



(\jO(^-i 0 'rM 00 LAvC'^C>Q 04 'C'C'-^r''“O(ALAOLA 4 ' 00 C 0 '^O— ‘ 
vC'CC'A; 4 ''ONCA-corAr'^f<'.Aj 4 -oa'sroAjr«-OAJo <^0 4 ' 
—4rAAJLA'-^fA03f--‘4''C 4" O f^. 4- C' CO sO O ^ A N^ f'- CO AjrA O f'- 

< 0 'Q'Q'OOo^r^-^^-^'^oC'A-r-cnc?'C'Ocroo'oooo 

>C OO— »'-<^'-^OOQO OOOOOO^— 

OOOOOOOOOOOOOOOOOOOOOOOOOOO 



I 



t 



lU • • 'oJ • 








iri/)UJCLlL 








otra:— •UJ 




jua *:t :3 




u. *clclo 


< 


'-usxxDc: 


I-;- 


CCK-Luao 


LU 


1 <KUI- 


-T* 



I N-r'-oorAOoovOcAr^OLA4“ AicooA-oir.C'^OvOcocoC' 

’C'f'-COOCAl^COOOrA^— ^LAC0(<^OO'0C^AJ0C^^O^CaDAJ 
^''A 4* ^ AJ AJ — I oO'CrACrrAAjO'-^rviOC'COOcoC' O AJ LAA- vD 

30000000 OOCAGCXCC GO coC'OC'OOG'Cr ooooo 

•OOOOOOOOO'^OO^OO*— 

OOOOOOOOOOOOOOOOOOOOOOOOOOO 

O OCOOrAOA>COQOA-. A-lAO AJAJ.-^rAA-LAC'ooOlA.-^lA'^O 
C^i>OOCvr\a'LA'-^^Lr.CAAJCC^^'OrA^^C^ 4*000— » 

(7'0'i>G«^LA'30AJAIOCAcOAjLA4-— (/MA xCsD*X3 04'f^^~— ♦ 

--<fArArA4'4'4*tOLA'-Ain4“f^A^Aj.^Aj\3r^'<Ar',rAA4'4'4*4“CA 

^ »i-^ 0^^ »-p^ f— 4 

OOOOOOOOOOOOOOOOOOOOOOOOOOO 



< O LA O LA o LA in lA o LA O LA O LA O lA O LA O LA o o lA 

I -H ^ AJ rA 4" '-A 4) nC r- CO CD O' 0^ o o — ' ^ AJ AJ fA rA 




91 



AFTER ROTOR 
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Figure 1. Schematic of the Test Apparatus for Probe Calibration 




Figixre 2 . Kiel Probe 
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Figure 3: Prandtl Pitot-Static Probe 
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Figure U, Enlargement of the Tip of a l/8" Diameter 
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Figxire 5: Location of Pressure Ports and Direction 

of Pitch and Yaw of 5-Hole Probe 
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Figure 6. Mounting Block for Varying Pitch Angle 
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Figure J: Non-Dimensional Velocity Versus Immersion Distance 
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Figure 8. Non-Dimensional Velocity Versus Immersion Distance P., -P. =35 in. H 2 O 
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Figure 9* Non-Dimensional Velocity Versus Immersion Distance P., -P. =23 in. 
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Figure 10: Y Versus 
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Figure 11; Versus M for 5-Hole Probe DA 120 ^3^ 

fBr e = 0° /+5° , +10° and +20° 
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Figure 13: Versus Pitch Angle for 5-Hole Probe DA, 120 #538 
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Figure lU, K Versus 9 For 5 -Hole Probe M 120 #538 
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Figure 15: K Versus M for 5-Hole Probe M 120 #535 
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Figvire 16: K Versus Pitch Angle for 5-Hole Probe DA 120 #535 
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Figure l8. OKR Compressor Test Rig 
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Figure 20. Survey Carriage 
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Figure 21. Coiiipressor Sectional View Showing Installed Rotor and Stator 
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Figure 22. Solid Body Rotor and Stator Blades 
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Figure 23. Kiel Probe Locations 




Figure 2k. Meriam Micromanometer 
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Figure 26 . Bearing Temperature and Torque Measuring Equipment 
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Figure 27. Torque Pickup 
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Figure 28. Rotational Speed Display Instrument 
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Dimensional Velocity Diagram for Reaction Blading 
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Figure 30. Compressor Stage for 50^ Reaction Blading 




-fw 




.4 



•5 






.6 



Figure 31* Work Coefficient t Versus Flow Coefficient cp 
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Figure 33 * Head Coefficient Y Versus Flow Coefficient cp 



125 




126 



Figure 34. Schematic of Single Stage Arrangement 
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Figure 35. Blading at a Particular Stream Surface 
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Figure 36. Temperature - Entropy Diagram of the 
Thermodynamic Process Across Rotor 
Blade (B = 2gJCp) 
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Figure 37 - Velocity Diagram Showing Relationship 

Between Measured and Actual. Flow Angles 
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Figure 38* Efficiency TL Versus Radial Position 
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Figure 39* Velocity Before and After Rotor Versus 

Circvunferential Position at R = I 5 .O in. 
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